This study presents a rapid continuous process for grain refinement in metallic materials through severe plastic deformation (SPD). The principle is described and the process is applied to an Al-5056 alloy and an S45C carbon steel. The new process, designated in this study the severe torsion straining process (STSP), consists of producing a local heated zone in a rod and introducing torsion strain into the zone by rotating one end with the other. The process is continuous because the straining is achieved while the rod is moved so that the heated zone is shifted along the rod. The STSP does not require the use of any die and can be applicable to pipes or wires. Fine-grained structures produced with the STSP are confirmed using optical microscopy and transmission electron microscopy. Tensile properties are measured and compared with the unstrained fully annealed samples. The feasibility of the STSP is discussed with respect to the rotation speed and moving speed.
Introduction
Grain refinement is an important process for the improvement of strength and/or ductility of various metallic materials. The yield strength increases with a decrease in grain size through the Hall-Petch relationship without reducing much of ductility. 1, 2) Although such results were reported when mechanical testing was carried out at low homologous temperatures, the increase in testing temperature well above a half of the melting temperature often results in the advent of superplasticity through an enhanced contribution of the grain boundary sliding. [3] [4] [5] It has been shown that the grain size is reduced to the submicrometer range or even nanometer range when a sample is subjected to severe plastic deformation (SPD). 6) Making use of SPD, several processes are available for the grain refinement and these processes include equal-channel angular pressing (ECAP), 7, 10) high pressure torsion (HPT), 9) accumulative roll bonding (ARB), 10) cyclic extrusion and compression (CEC), 11) constrained groove pressing, 12) repetitive corrugation and straightening (RCS), 13) conshearing, 14) continuous confined strip shearing (C2S2). 15) In this study, a new process is proposed for the grain refinement. This process consists of producing a locally heated zone and creating torsion strain in the zone by rotating one end with the other while moving the local straining zone. In this paper, this new process is called the severe torsion straining process (STSP) and is applied to an Al alloy and a carbon steel to examine microstructures and tensile properties. Figure 1 illustrates the principle of the STSP technique. 16) A portion of a rod is rotated with respect to the other around the longitudinal axis of the rod so that torsion strain is introduced at a zone which separates the two portions rotating in the opposite senses. The torsion straining (TS) zone is localized by making the zone softer than the other two portions by local heating and cooling as shown in Fig. 1 . While producing the TS zone, the rod is moved along the longitudinal axis and thus the severe plastic strain is continuously produced throughout the rod. In order to create the torsion strain efficiently, it is important that the TS zone should be narrow and the rotation of the rod should be fast with respect to the moving speed of the rod. This new process, STSP is different from the conventional torsion testing procedure for measurement of mechanical properties 17) such that the STSP consists of creation of a localized soft zone with respect to the other portions of the rod and of movement of the zone along the longitudinal direction of the rod. An important feature of the STSP is that the dimension of the cross-section of the rod remains unchanged while straining. This is similar to other SPD processes but it is unlike to the ECAP, HPT and ARB because the STSP requires no die and imparts severe strain to samples without intermittence. It is anticipated that the STSP is a potential process for the continuous grain refinement and can be applied for pipes and possibly for wires. Table 1 and they are consistent with the Japanese Industrial Standard (JIS). These alloys were received in a form of asextruded rods with 12 mm in diameter and 2 m in length. These rods were cut to lengths of 500 mm and, for the S45C, the diameters were reduced to 8 mm using a lathe over lengths of 100 mm at the center parts of the rods so that the torque required for the rotation was within the motor-driving capacity of the present STSP system. Each rod was placed within an induction coil to attain local heating and both sides of the heated zone were cooled by water spray. One portion of the rod was rotated with respect to the other at a speed of 10 or 20 rpm in order to create torsion strain at the heated zone. While heating and rotating, the rod was moved with respect to the coil at a speed of 200 mm/min for the Al-5056 and at a speed of 100 mm/min for the S45C. The temperature at the TS zone was raised to 673 or 723 K for the Al-5056 and to 923 K for the S45C. Tensile specimens were machined with the tensile axes parallel to the longitudinal axes of the rods and with gauge lengths of 25.5 mm and gauge sections of 5 Â 1:5 mm 2 . Tensile tests were conducted at room temperature with an initial strain rate of 3:3 Â 10 À4 s À1 using a machine operating at a constant rate of cross-head displacement.
Principle of STSP

Experimental Procedures
Microstructures were observed by optical microscopy (OM), scanning electron microscopy (SEM) and transmission electron microscopy (TEM). Samples for the microstructural observations were cut parallel to the longitudinal axis. For the optical microscopy, they were ground with abrasive papers and polished to mirror-like surfaces using wet cloths containing alumina powders. The surfaces were finished with electropolishing in an aqueous solution of 5%HBF 4 for the Al-5056 and etched with a solution of 3 ml HNO 3 and 100 ml CH 3 OH for the S45C. TEM and SEM observations were undertaken on the planes parallel to the longitudinal axis using a Hitachi H-8100 transmission electron microscope operating at 200 kV and a JSM-5600 scanning electron microscope operating at 30 kV, respectively. The latter microscope was equipped with an electron backscatter diffraction (EBSD) system provided by TSL. For TEM observations, thin specimens were prepared using a twin-jet electron-polishing technique with a solution of 20% HClO 4 , 10% C 3 H 8 O 3 , 70% C 2 H 5 OH for the Al-5056 and a solution of 10% HClO 4 and 90%CH 3 COOH for S45C. Figure 2 shows optical micrographs (a) before and (b) after STSP for the Al-5056. The sample was rotated at a speed of 20 rpm about the longitudinal axis with a moving speed of 200 mm/min. The TS zone was heated to 723 K. It is apparent that the STSP led to a grain refinement: the grain size before STSP was $50 mm whereas it was reduced to $12 mm after STSP. The further refinement of the grain size was achieved to the average grain size of $1:5 mm when STSP was conducted at 673 K with a rotation speed of 10 rpm and a moving speed of 50 mm/min. The corresponding TEM micrograph is shown in Fig. 3 including a selected area electron diffraction (SAED) pattern. The SAED pattern indicates that the microstructure consists of fine grains having high angle grain boundaries. It appears that the microstructure is similar to the one observed with other SPD processes, where grains contain many dislocations and there are grain boundaries which are not well defined. 6) For the S45C, optical micrographs before and after STSP are shown in Figs. 4(a) and (b) , respectively. The sample was rotated at 10 rpm with a moving speed of 100 mm/min and with the TS zone heated at 923 K. A comparison shows that there is a clear reduction in grain size through the STSP. It should be noted that the regions having bright and dark contrasts correspond to phase and pearlite, respectively. The grain sizes of the phase regions were measured as $20 mm and $1:8 mm for the microstructures before and after the STSP, respectively. The formation of the fine-grained structure after the STSP is confirmed with an SEM-EBSD analysis shown in Fig. 5 where the image is given in (a) and the distribution of misorientation angles between neighboring grains is shown in (b). It is apparent that considerable fractions of high-angle grain boundaries are formed in addition to low angle boundaries.
Results and Discussion
It should be noted that the microstructures shown in Fig. 2(b), Fig. 3 , Fig. 4(b) and Fig. 5 were taken away from the center of the rods. A close observation revealed that there was a coarse-grained region having a width of $0:5 mm around the center of the rod for the S45C processed at a rotation of 10 rpm with a moving speed of 100 mm/min. Similar coarse-grained regions were also observed around the center of the rod for the Al-5056 but the width varied depending on the STSP conditions. The results of tensile testing at room temperature are shown in Fig. 6 and Fig. 7 for the Al-5056 and the S45C, respectively, where the corresponding STSP conditions are the same as those used for the microstructural observations shown in Fig. 3 and Fig. 5 . Figure 6 includes plots of the 0.2% proof stress (PS), the ultimate tensile stress (UTS) and the uniform elongation (UE) after STSP and, for comparison, those obtained from the samples in fully annealed conditions. It should be noted that the values in Fig. 6 represent the averages after conducting three independent tensile tests for each alloy and condition to ensure the reproducibility of the data. The STSP gives rise to an increases in PS and UTS by $60% and $15% for the Al-5056, respectively, and by $40% and $10% for the S45C, respectively. The values of UE are decreased by $30% and $20% when compared with the alloys in the fully annealed conditions. The stress-strain curve is shown in Fig. 8 for the Al-5056 with and without STSP. Serrations are visible at higher strains for both samples, which are a typical feature in Al alloys containing a larger amount of Mg. It is apparent that the increase in PS is significant while minimizing the reduction in UE. Inspection of Fig. 3 and Fig. 4 suggests that the grain size seems to be sensitive to the STSP conditions. Figure 9 plots the sample conditions with respect to the two parameters, rotation speed and moving speed, where the mark ''Â'' represents the samples fractured during STSP operation and the mark '' '' represents the samples processed without fracture. It seems that there exits a critical ratio between rotation speed and moving speed which defines the feasibility of the STSP operation. Microstructural observations revealed that the grain size is more refined as the ratio is close to the critical value and it appeared that the decrease in STSP temperature lowers the critical value. Since the ratio is equivalent to the revolution per unit length along the longitudinal axis of the rod, it is reasonable that the higher ratio leads to fracture of the sample and the lower temperature decreases the ratio. Investigation is in progress in order to construct the relationship between the ratio and microstructure or mechanical properties.
Summary and Conclusions
(1) A new continuous grain refining process was presented, which consists of producing locally heated zone in a rod and introducing torsion strain into the zone by rotating one end with the other. This new process was designated the severe torsion straining process (STSP) and was applied for an Al-5056 alloy and an S45C carbon steel. (2) The STSP is a continuous process and a die-less process so that it permits a massive production of ultrafinegrained metallic materials with low costs. (3) Microscopy observations confirmed that the grain size was reduced to $1:5 mm and $1:8 mm for the Al-5056 alloy and the S45C carbon steel, respectively. (4) Tensile testing showed that the PS and UTS are increased with minimal decrease in UE. (5) There is a critical ratio between rotation speed and moving speed, which define the feasibility of STSP operation. The grain size tend to be lowered as the ratio is close to the critical value. 
